Abstract. The formation process of a habit plane variant (HPV) cluster with triangular morphology (T-cluster) in TiNb-Al shape memory alloy was investigated by in-situ optical microscopy. Upon cooling the specimen, martensitic transformation occurred and two types of V-shaped clusters and the T-clusters were observed. Two types of V-shaped cluster were the cluster connected by the {111} type I twin (VI) and the cluster connected by the <211> type II twin (VII). The T-cluster is formed by the connection of three HPVs by {111} type I twin. The T-cluster is formed by the growth of the third HPV that is nucleated at the tip of a HPV in a VI-cluster and exhibits inward growth. It is suggested that the T-cluster is a derivative of the VI-cluster. This growth behaviour is discussed based on the incompatibility of the clusters.
Introduction
The self-accommodation (SA) microstructure in shape memory alloys (SMAs) is constructed of the clusters that are formed by habit plane variants (HPVs). According to the phenomenological theory of martensite crystallography (PTMC), HPVs are formed to satisfy the invariant plane (IP) condition at habit plane (HP) [1] [2] [3] . In pioneering works on the martensite microstructure in SMAs, the averaged deformation gradient of the preferential HPV cluster is close to the identity matrix [4] . This criterion has been a leading principle to understand the microstructure of SMAs. However, experimental results are not always understood by this criterion as shown by Nishida et al. in Ti-Ni [5] [6] [7] . The kinematic compatibility (KC) [8] at the junction plane (JP) between HPVs is a key factor to understand the morphology of the martensite microstructure as demonstrated in some studies [9] [10] [11] .
In the cubic-orthorhombic transformation [12] , three HPVs are connected each other by {111} type I twin and form a triangular morphology that has a smaller averaged strain; this morphology is termed "T-cluster" hereafter. In our recent work [13] , the formation frequency of HPV clusters and its relationship between the KC condition were investigated in a β-titanium shape memory alloy that has cubic-orthorhombic martensitic transformation. The most common clusters were the V-shaped clusters with {111} type I twin (VI-cluster) or <211> type II twin (VII-cluster) at JP. The T-cluster was only 9% in the observed clusters. In addition, the incompatibility that is evaluated by the magnitude of rotation to satisfy the KC condition at JP was much higher in the T-clusters (~1.9°) compared to the V-shaped clusters (< 0.7°). It is suggested that the T-cluster is not an essential form of HPV-cluster but is a derivative of the V-shaped clusters.
In this study, the formation process of the T-cluster in Ti-Nb-Al SMA was analysed by in-situ optical microscopy to reveal the origin of the T-cluster.
Experimental procedures
Ti-23mol%Nb-3mol%Al was used in this study. This alloy has martensitic transformation from parent β phase (bcc) to α″ martensite phase (C-centred orthorhombic) with the Au-Cd type lattice correspondence [14] and has no lattice invariant deformation [15] due to the "λ2 = 1" condition [16, 17] . The habit plane is {755} and only twelve HPVs exist in this alloy as summarized in Table  1 [15] .
High-purity starting materials of Ti (99.99%), Nb (99.9%), and Al (99.99%) were used. The ingot was fabricated by Ar arc-melting with a non-consumable Welectrode. The weight loss through the arc-melting was less than 0.1 mass% and was judged to be negligible. The ingot was wrapped in Ti-foil, encapsulated in quartz tube filled with Ar atmosphere, homogenized at 1273K for 7.2ks and then quenched by breaking the quartz tube in iced water. Figure 1 shows the procedure of the specimen preparation. The specimens were cut by electrical discharge machining and then electro-polishing was carried out in a solution of 6% perchloric acid, 35% butanol and 59% methanol to remove the damaged surface layer. The best temperature for the electro- polishing is 228K. The martensitic transformation temperatures of the alloy that were determined by differential scanning calorimetry are: Ms = 291K, Mf = 249K, As = 277K and Af = 319K. The specimen was, therefore, in the martensitic phase during the electropolishing and the surface was flattened in the martensite state.
The surface relief due to the reverse transformation existed at RT (~300K). The surface of the specimen was then finished by plasma-etching. The temperature of the specimen surface is around 500K during the plasma-etching. The specimen surface was flattened in the parent phase. Faint relief, however, remained even after the plasma etching.
θ-2θ X-ray diffraction (XRD) analysis was performed at room temperature (RT, 294K) in order to measure the lattice parameters. The crystallographic orientation of the specimen surface was identified by electron backscatter diffraction (EBSD) analysis using a field-emission guntype scanning electron microscope (HITACHI S-4300SE) equipped with Bruker e-Flash 1000 EBSD detector.
In-situ optical microscopy was made on a digital microscope equipped with a high-speed digital video camera (Keyence VW-9000). The specimen was firstly heated to 323K and then cooled to 173K at a cooling rate of 10K/sec using a temperature control chamber. The differential interference contrast microscopy was used to observe the surface relief that is generated by the martensitic transformation upon cooling. The HPV was identified by the single trace analysis based on the crystallographic orientation of the parent phase. Figure 2 shows XRD profile of the alloy. The β -phase and the α″ -martensite phase were the apparent phases at RT. The lattice parameters were determined from this XRD profile as a = 0.3278 nm, ao = 0.3174 nm, bo = 0.4784 nm and co = 0.4640 nm, where a is the lattice parameter of the β phase and ao, bo and co are the lattice parameters of the α″ phase. The indices with subscript o are for orthorhombic and those without subscript are for bcc, hereafter. The middle eigenvalue of the lattice deformation was 0.0009 and the HPV had no internal twin [16, 17] .
Results and discussion
Single trace analysis was carried out to identify HPVs. 5 5 7) 6(+) (5 - 5 7) 6(-) (5 -5 -7) Figure 1 . Procedure of the specimen preparation. 
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The two types of V-shaped clusters and the T-clusters were observed. Those two types were the cluster connected by the {111} type I twin (VI) and the cluster connected by the <211> type II twin (VII). This result is in good agreement with the result by TEM observation [13] . 128 clusters were identified in the observed area. All of the clusters were classified into ninety VI clusters, nineteen VII clusters and nineteen T-clusters. This paper focuses on the formation process of the T-clusters. representing the formation process of one of the observed T-cluster upon cooling. The variants that formed the Tcluster were 1(+), 3(+) and 5(+). It has been reported that the junction planes of these variants are {111} type I twin [13] . The T-cluster observed in the present study is the type identical to the T-clusters observed in cubicorthorhombic transformation in previous studies in other alloy systems [12, 18] . The formation process of the T-cluster is shown in detail. The starting temperature of the observation was 323K. At this temperature the specimen was fully β phase and faint surface relief due to the martensites formed during the electro-polishing was seen (Fig. 4(a) ). Upon cooling, the V-shaped surface reliefs of a VI-cluster appeared due to the martensitic transformation from β to α″-martensite (Fig. 4(b) ). These reliefs were the traces of 1(+) and 3(+). A new relief was then appeared (Fig.4(c) ). The new plate was 5(+). It grew and connected to the tip of 1(+) and 3(+) of the VI-cluster and then a closed triangular morphology was formed (Fig. 4(d) ). In some T-clusters, the third plate nucleated at the tip(s) of the plate(s) forming the VI-cluster, unlike the formation process in Fig. 4 . There were variations in the formation of the third plate.
Upon further cooling, the T-cluster exhibited inward growth (Fig. 4(d) and 4(e) ). The inward growth stopped at 222K (Fig. 4(f) ) and did not complete even at 173K.
All junction planes in the T-cluster are considered to be connected by {111} type I twin, according to the previous TEM study [13] . Nineteen T-clusters were analysed in this specimen and all of them exhibited the same growth process. The T-cluster is, therefore, a derivative of the VI-cluster.
The averaged deformation gradient of the T-cluster is closer to the identity matrix than that of the V-shaped clusters [12, 18] . However, the formation frequency of the T-cluster is much lower than that of the V-shaped clusters in experiment because the incompatibility of the T-cluster is much higher than the V-shaped clusters [13] . The incomplete inward growth is likely due to the higher incompatibility．
Conclusions
The formation process of the T-cluster in Ti-23Nb-3Al SMA was investigated by in-situ optical microscopy observation.
In the formation of the T-cluster, firstly the VI-cluster is formed, secondly the third plate is formed and then the inward growth occurs. The T-cluster is a derivative of the VI-cluster.
